Abstract: Double-arched tunnel is a special and complex underground structure which needs to be monitored carefully during construction. Taking the Gangkou tunnel as the engineering background, this paper presents a case study of field monitoring of a representative double-arched tunnel. Typical cross sections were chosen in each class of surrounding rock masses in the tunnel area and different types of sensors were embedded in designed locations, and the deformations and forces of both surrounding rocks and lining structures were monitored systematically. The dynamic evolution as well as the spatial distribution characteristics of the monitoring data including the internal displacements of surrounding rocks and the contact pressures between surrounding rocks and primary linings, the axial forces in rock bolts and the internal forces in both steel arches and secondary linings were analyzed. The monitoring and analysis results show that the deformations and forces of both surrounding rocks and lining structures are directly related to the construction procedures, geological conditions and locations in the double-arched tunnel. According to the results, some reasonable suggestions were provided for the improvement of the tunnel construction. This study will provide useful reference and guidance for the design, construction and monitoring of similar engineering projects in future.
Introduction
Double-arched tunnel is a kind of special parallel tunnel structure which is quite different from the separated tunnel and the small spacing tunnel, and there is a central division wall which supports both the left and the right tunnel arches. At present, the double-arched tunnel has been successfully and widely applied in railway, highway and subway engineering, especially in those areas under complicated geological and topographic conditions when there are difficulties in the application of the separated tunnel [1] [2] [3] . Owing to the large span of the double-arched tunnel and its complex structure as well as the frequent stress conversion between surrounding rocks and tunnel linings, the construction of the double-arched tunnel is quite challenging with great difficulties and high risks. Engineering accidents, such as failures and collapses of surrounding rocks are prone to occur in the Table 1 . Physical and mechanical parameters of three different classes of rock masses (class III, class IV and class V respectively). 
Rock Mass Classification

Cohesion
Tunnel Structure
The structures of the Gangkou tunnel vary a great deal in different classes of surrounding rocks. Figure 1 shows the geometric dimensions of the double-arched tunnel in different classes of rock masses. In the primary lining in the class III surrounding rocks, the grouted rock bolts which are made up of hot-rolled ribbed bar (HRB) round steel with length of 250 cm and yield strength of 33.5 MPa were fixed in surrounding rocks of main tunnels after excavating each one by spacing of 120 × 100 cm 2 in longitudinal and circumferential directions, the diameter and length of which are 25 mm and 250 cm respectively. I-shape joist steel arch with weight of 16.9 kg/m and cross-sectional area of 21.5 cm 2 was arranged by longitudinal spacing of 250 cm and round bar with diameter of 8 mm was adopted as steel mesh by spacing of 20 × 20 cm 2 in longitudinal and circumferential directions. The sprayed concrete was used with thickness of 25 cm and compressive strength of 25 MPa (C25). Moreover, the secondary lining adopted the model-building reinforced concrete with compressive strength of 35 MPa (C35) and thickness of 35 cm and the deformed steel bar with diameter of 22 mm was adopted as main reinforcement in the concrete by longitudinal spacing of 20 cm. Besides, composite waterproof layer was fixed between primary and secondary lining, with thickness of 1.5 mm. Detailed support parameters in class IV and V surrounding rocks are respectively shown in Tables 2 and 3 . 
Tunnel Construction
Typical drilling and blasting method was applied for the excavation of the double-arched tunnel. The cross section of the tunnel was excavated partially in several stages with minor advance being controlled at about 0.5 m in each cycle of drilling and blasting. Millisecond blasting technique was achieved by high-precision digital electronic detonator and the delay time between each interval was controlled with a range from 5 to 8 ms, making for better blasting effect and minimization of the blasting vibration strength. The diameter of each blast hole is designed to be 42 mm and the blast hole depth ranges from 0.7 to 1.9 m depending on its location. Rock emulsion explosive was adopted with density ranging from 950 to 1300 kg/m 3 and velocity of detonation (VOD) ranging from 3500 to 4500 m/s. To prevent overbreak in perimeter, smooth blasting was achieved by using the explosive cartridge with diameter of 25 mm in contour blast holes. While in other blast holes, the cartridge with diameter of 32 mm was adopted.
Two different construction methods including the three heading excavation method (class IV and class V) and the central heading excavation method (class III) were applied respectively in the construction process (see Figures 2 and 3) . Figure 2 demonstrates the construction sequences for constructing the double-arched tunnel in class IV and V rock masses by the three heading excavation method, also named as three-pilot drift heading method, in which the middle drift and twin-side drifts were excavated prior to excavating the main tunnels in order to reduce the disturbance of unstable surrounding rock. As shown in Figure 2 , the numbers of 1-7 represents the construction steps and the red dotted-line box denotes the construction stages where field monitoring was carried out.
Step 1: excavate the middle drift and construct the vertical middle wall; Steps 2, 3: excavate the twin-side drifts;
Step 4: excavate upper bench and support the primary lining of the left main tunnel; Step 5: excavate core rock masses and construct the inverted arch of the left tunnel; Similarly, Step 6: excavate upper bench and support the primary lining of the right main tunnel; Step 7: excavate core rock masses and construct the inverted arch of the right tunnel; After all these steps above, both the secondary linings of the left and right tunnels are constructed. The advance footage of each construction cycle is 2.4 m. Figure 3 shows the construction procedures of the double-arched tunnel in class III rock masses by the middle heading pilot method.
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Monitoring Parameters and Methods
During the construction of the Gangkou tunnel, the internal displacements of surrounding rocks were measured by the multi-point extensometers (see Figure 4) , the contact pressures between surrounding rocks and primary linings were directly measured by the vibrating-wire pressure cells and the axial forces in rock bolts were obtained by the vibrating-wire bolt force gauges (see Figure 5 ). In addition, the vibrating-wire steel strain gauges (see Figure 6 ) were adopted to measure the strains on the upper and the lower flanges of the I-shaped steel arches and then on basis of the assumption that the stresses are distributed linearly in the cross section of the steel, the stresses can be calculated through the stress-strain relationship according to the classical mechanics of materials, as shown in Equation (1) .
where, N1 and M1 represent the axial force and the bending moment in the steel arch respectively; E1 denotes the elastic modulus of the I-shaped joist steel, being equal to 210 GPa; εinner and εouter are respectively the measured strain values on the upper and the lower flanges of the I-shaped steel arch and the tensile strain is regarded to be positive while the compressive strain is negative; A represents the cross-sectional area of the No. 14 I-shaped joist steel which is equal to 21.5 cm 2 , W is the section modulus in bending of the joist steel, being equal to 102 cm 3 . 
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where, N1 and M1 represent the axial force and the bending moment in the steel arch respectively; E1 denotes the elastic modulus of the I-shaped joist steel, being equal to 210 GPa; εinner and εouter are respectively the measured strain values on the upper and the lower flanges of the I-shaped steel arch and the tensile strain is regarded to be positive while the compressive strain is negative; A represents the cross-sectional area of the No. 14 I-shaped joist steel which is equal to 21.5 cm 2 , W is the section modulus in bending of the joist steel, being equal to 102 cm 3 . Furthermore, the internal forces in the secondary linings were obtained through the calculation of the strains measured by the embedded concrete strain gauges (see Figure 7) . The internal forces in the secondary linings can be calculated by Equation (2) . In the practical application, the internal forces can be obtained from the observed strains by computer programming. Detailed monitoring parameters and methods are presented in Table 4 .
where, N2 and M2 respectively denote the axial force and the bending moment to be calculated; E2 denotes the elastic modulus of the secondary lining; inner   Furthermore, the internal forces in the secondary linings were obtained through the calculation of the strains measured by the embedded concrete strain gauges (see Figure 7 ). The internal forces in the secondary linings can be calculated by Equation (2) . In the practical application, the internal forces can be obtained from the observed strains by computer programming. Detailed monitoring parameters and methods are presented in Table 4 .
where, N 2 and M 2 respectively denote the axial force and the bending moment to be calculated; E 2 denotes the elastic modulus of the secondary lining; ε inner and ε outer are respectively the measured strain values on the inner and outer side of the secondary lining; b and h respectively represent the per unit length and the thickness of the secondary lining. 
Monitoring Sections and Measuring Points Layouts
Since the Gangkou double-arched tunnel is structurally symmetrical and the geological conditions in the tunnel area are basically similar, instead of monitoring the deformations and stresses of the surrounding rocks and lining structures in the entire cross section of the double-arched tunnel, only one bore needs to be monitored. Typical monitoring sections were chosen in each rock mass classification in the tunnel area. These three monitoring sections are the K89+949 section (class III rock masses), K90+105 section (class IV rock masses) and K89+729 section (class V rock masses), as shown in Figure 1 
Monitoring Results and Analysis
Internal Displacements of Surrounding Rocks
Figures 10 and 11 depict time history plots of the internal displacements in class V surrounding rocks at positions B and C (see Figure 8 ) in the K89+729 section. As shown in the figures, the changing trend is closely related to the construction procedures, which mainly includes three stages of change: (1) after the multi-point extensometers had been installed at the right places, the measured values of the internal displacements at each location of surrounding rocks kept increasing rapidly and the growth rate was on the rise as well. After the construction of the initial supports, the displacements at each point reached to about 50% of the ultimate stable values; (2) the internal displacements at each location of surrounding rocks continued to increase whereas the increasing rate gradually slowed down after the initial supports were completed. Till the completion of secondary linings, the increments of the displacements accounted for about 40% of the final values; (3) after keeping small growth rate for a short period, the internal displacements of surrounding rocks did not reach the stable state until the construction of secondary linings. Figure 12 shows the final distribution of the internal displacements in the cross sections corresponding to three different classes of rock masses (class III, class IV and class V) (layouts of the measuring points are shown in Figure 4 ). As we can see from Figure 12 : at the same location in the monitoring section, the internal displacements of surrounding rocks are larger in the area that is closer to the tunnel excavation contour line. The displacements are relatively larger in the area within 3 m from the tunnel excavation contour line, which should be seen as the key monitoring area. At different locations in the same monitoring section, the internal displacements of surrounding rocks at the tunnel vault are greater than that at the tunnel spandrel while the displacements at the tunnel spandrel are greater than that at the side wall of the tunnel. In addition, the internal deformations of surrounding rocks are relatively larger in the cross section with lower-level surrounding rock masses. 
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For example, the final stable-state value of the internal displacement at the vault in the cross section K89+949 (class III) is about 20 mm while the value becomes about 40 mm in the section K90+105 (class IV) and it reaches up to 60 mm in the section K89+729 (class V). For example, the final stable-state value of the internal displacement at the vault in the cross section K89+949 (class III) is about 20 mm while the value becomes about 40 mm in the section K90+105 (class IV) and it reaches up to 60 mm in the section K89+729 (class V). For example, the final stable-state value of the internal displacement at the vault in the cross section K89+949 (class III) is about 20 mm while the value becomes about 40 mm in the section K90+105 (class IV) and it reaches up to 60 mm in the section K89+729 (class V). For example, the final stable-state value of the internal displacement at the vault in the cross section K89+949 (class III) is about 20 mm while the value becomes about 40 mm in the section K90+105 (class IV) and it reaches up to 60 mm in the section K89+729 (class V). 
Contact Pressures between Surrounding Rocks and Primary Linings
The time history plots of the contact pressures between surrounding rocks and primary linings in the K89+729 section are presented in Figure 13 . As shown in the figure, after the earth pressure cells had been installed in the right places, the contact pressures between surrounding rocks and primary linings increased rapidly and the increasing tendency did not slow down until the completion of the primary lining construction. The pressures reached up to 90% of the final stable-state values about 5 days after the construction of primary linings. When the construction of secondary linings was finished, the contact pressures almost stopped increasing. At this time, the state of surrounding rocks could be considered stable. Figure 14 presents the final distribution of the contact pressures between surrounding rocks and primary linings in the cross sections corresponding to different classes of surrounding rocks (class III, IV and V). It can be seen from Figure 14 that at different locations in the same cross section, the pressures at the tunnel vault are higher than that at the spandrel, while the pressures at the spandrel are higher than that at the side wall. As an important bearing structure of the double-arched tunnel, the existence of the middle wall is able to effectively ease the surrounding rock pressures on the primary linings near the middle wall, resulting in the decreasing of the contact pressures on that side. In addition, the contact pressures between surrounding rocks and primary linings are greater in the cross section with lower-level surrounding rocks. For instance, the contact pressure at the tunnel vault in the cross section K89+949 (class III) is about 0.15 MPa while the pressure in the section K90+105 (class IV) is about 0.25 MPa and the pressure reaches up to 0.30 MPa in the section K89+729 (class V).
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where, a 0 and b 0 respectively represent the span length and the height of the tunnel balance arch, a and b respectively represent the designed span length and height of the tunnel, ϕ 0 stands for the calculating internal friction angle of surrounding rocks, f stands for Protodyakonov's firmness coefficient of surrounding rocks, γ is the rock density and q is the surrounding rock pressure at the tunnel vault.
The cross section K89+729 in class V surrounding rocks (ϕ 0 = 29 • , γ = 31.5 kN/m 3 , f = 1.8) is taken as a case. According to the formulas above, the calculated surrounding rock pressure at the left or right tunnel vault is 0.14 MPa (see Equation (6)), which is far lower than the field measured value 0.30 MPa. In this case (see Figure 15 , case 1), the left and the right tunnel arches are regarded independent of each other, which is clearly not in accord with that actual situation. As is known, during the construction of the double-arched tunnel, the left and the right tunnel arches interact with each other and both have significant influence on the mechanical behaviors of each other. Therefore, when calculating the surrounding rock pressures of the double-arched tunnel, both the left and the right arches should be taken into consideration. At present, since there is no clear calculation method, based on the balance arch theory, a simplified calculation model is established to estimate the surrounding rock pressures of the double-arched tunnel. That is to consider these two arches as an entire single-arched structure, as shown in the Figure 15 , case 2. In this case, the calculated value is 0.25 MPa (see Equation (7)). As is shown, although both the calculated values in these two cases are lower than the field measured value 0.30 MP, the calculated value in case 2 is much closer to the measured value than that in case 1, which indicates that both the left and the right arches should be considered when calculating the surrounding rock pressures through the balance arch theory. In addition, the difference between the theoretical calculated value and the field measured value reflects the complexity of surrounding rocks during the construction of the double-arched tunnel, which in turn illustrates the necessity to carry out on-site monitoring projects during the excavation of the double-arched tunnel.
Appl. Sci. 2017, 7, 169 14 of 20 Figure 15 . Schematic diagram of the tunnel balance arch curves of the double-arched tunnel in two cases. Figures 16 and 17 show the dynamic evolution of the axial forces in rock bolts at B and C locations in the K89+729 section during the tunnel construction. According to the field monitoring data, the axial forces in rock bolts present regular changes in stages: (1) When the installation of the Figures 16 and 17 show the dynamic evolution of the axial forces in rock bolts at B and C locations in the K89+729 section during the tunnel construction. According to the field monitoring data, the axial forces in rock bolts present regular changes in stages: (1) When the installation of the rock bolts was completed, the axial forces in the rock bolts at different locations increased rapidly at a gradually increasing growth rate. After the construction of the primary linings, the values of the axial forces at each point in the rock bolts took up 60% of the final stable-state values and the growth rate of the axial forces began to slow down. This indicates that most of the axial forces in rock bolts were generated during the construction of the primary supports, owing to the fact that the sprayed concrete had not played its full role of supporting during this period, which then made the rock bolts bear the majority of the surrounding rock loadings; (2) After the construction of the primary supports, the axial forces in rock bolts remained on increasing slowly. From the completion of the primary supports to the completion of the second linings, the increments of the axial forces in rock bolts in this period accounted for about 30% of the ultimate stable values; (3) After the completion of the secondary linings, the axial forces in rock bolts increased slightly and then reached a steady state eventually. Figure 18 demonstrates the final distribution of the axial forces in rock bolts in different sections corresponding to class III, IV and V surrounding rocks (layouts of measuring points are shown in Figure 5 ). It can be seen from the figure that each single rock bolt bears pure tensile stresses which are relatively larger in the middle of the rock bolt and lower at the two ends. At different locations in the same section, the axial forces in rock bolts at the tunnel vault are larger than that at the right spandrel, while the axial forces in rock bolts at the right spandrel are larger than that at the side wall, which are even greater than that at the left spandrel of the tunnel. This indicates the initial load bearing effects of the middle wall significantly lower the axial forces in the rock bolts close to the side of the middle wall, therefore it is necessary to take measures to strengthen the anchoring forces. The stable values of the axial forces in rock bolts are larger in the cross section with lower class of surrounding rock masses, the stable value of the axial forces in rock bolts in the section K89+949 (class III) is about 12 kN, the stable value in the section K90+105 (class IV) is about 18 kN, whereas the value in the section K89+729 (class V) becomes about 25 kN. Among them, the maximum value of the axial forces in rock bolts is 25 kN and the tensile stress is 50.9 MPa by calculation (see Equation (8)). The body of the rock bolt (diameter: Φ25 mm) used in the tunnel is made of hot-rolled ribbed bar (HRB) 335 round steel, of which the ultimate tensile stress is 168.4 MPa. It is quite clear that the actual bearing capacity of the rock bolt has not been utilized to its full potential, which is far less than the designed bearing capacity. Therefore, under the premise of ensuring the stability and safety of surrounding rocks, it can be acceptable to reduce the number of the rock bolts, to increase the bolt spacing and to strengthen the anchoring forces appropriately. 
Axial Forces in Rock Bolts
Internal Forces in Steel Arches
Figures 19 and 20 present the dynamic evolution of the internal forces in steel arches (including the axial forces and the absolute values of the bending moments) at different locations in the K89+729 
Figures 19 and 20 present the dynamic evolution of the internal forces in steel arches (including the axial forces and the absolute values of the bending moments) at different locations in the K89+729 section during construction. As shown in the figures, after the completion of steel arches, the steel arches immediately began to bear loadings and the internal forces at each location in steel arches kept increasing rapidly. Till the completion of primary linings, the axial forces and the bending moments in steel arches took up almost 50% of the final values. After the construction of the primary linings, the axial forces and bending moments in steel arches continuously increased, however the growth rate significantly slowed down. Till the completion of the second linings, the increments of the internal forces in steel arches accounted for about 40% of the final stable values in this period. After that, the internal forces in steel arches increased slightly and then reached the steady state eventually. Figure 21 demonstrates the final distribution of the internal forces in steel arches at two typical sections respectively corresponding to class IV and V surrounding rocks (layouts of the steel strain gauges are shown in Figure 6 ). The figure shows that the axial forces are compressive along the full length of the steel arches. The axial forces in steel arches at the tunnel vault are obviously smaller than that at the side wall, while the absolute values of the bending moments reach the maximum both at the vault and the side wall of the tunnel, which indicates that the steel arch vault is the most unfavorable position to bear loadings. In addition, the axial forces and bending moments in steel arches are relatively larger in the monitoring section with lower class of surrounding rocks.
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Internal Forces in Secondary Linings
Figures 22 and 23 present the time history plots of the internal forces (including axial forces and absolute values of bending moments) in the secondary linings in the K89+729 section during 45 days after the construction of secondary linings. As shown in the figures, after the secondary linings were finished, they immediately began to bear internal forces. The internal forces increased greatly at the very beginning and then the growth rate gradually slowed down, the internal forces tended to stabilize 30 days after the construction of secondary linings. On condition of the surrounding rock pressures, the secondary linings began to contact with the primary linings little by little and then the contact pressures between the two gradually increased, resulting in rapid growth of the internal forces in secondary linings at the early stage, at this time both the primary and secondary linings bear surrounding rock pressures together. When the redistribution of the internal forces in both the primary and secondary linings became balanced, the internal forces in secondary linings tended to stabilize. This changing trend fully illustrates that the secondary linings not only serve as a structure for sufficient safety margin but also bears certain loads in the construction and long-term operation periods of the Gangkou tunnel. Figure 24 shows the final distribution of the internal forces in secondary linings in the cross sections corresponding to different classes of rock masses (class III, IV and V respectively). It can be seen from Figure 24 that the absolute values of the bending moments in secondary linings at the vault 
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Conclusions
This paper comprehensively presented a case study of field monitoring of the deformations and forces of both surrounding rocks and linings during the construction of a representative double-arched tunnel-the Gangkou tunnel. In the typical cross sections corresponding to three different classes of 
This paper comprehensively presented a case study of field monitoring of the deformations and forces of both surrounding rocks and linings during the construction of a representative double-arched tunnel-the Gangkou tunnel. In the typical cross sections corresponding to three different classes of surrounding rocks (class III, IV and V), the internal displacements of surrounding rocks, contact pressures between surrounding rocks and primary linings, axial forces in rock bolts and internal forces both in steel arches and secondary linings were measured scientifically. The dynamic evolution and the spatial distribution characteristics of these monitoring data were analyzed and discussed carefully. The monitoring and analysis results show that the deformations and forces of both surrounding rocks and lining structures are directly related to the construction procedures, geological conditions and measuring locations in the double-arched tunnel. And according to the results, some reasonable suggestions were provided for the improvement of the tunnel construction. From this study, the conclusions are drawn as follows:
(1) The dynamic evolution of the internal displacements of surrounding rocks is closely related to the tunnel construction procedures. The internal displacements of surrounding rocks did not reach the stable state until the completion of the secondary linings. At different locations in the monitoring section, the internal displacements of surrounding rocks at the tunnel vault are greater than that at the tunnel spandrel, which are even greater than that at the side wall of the tunnel. The internal deformations of surrounding rocks are larger in the cross section with lower-level surrounding rock masses. (2) The contact pressure between surrounding rocks and primary linings converged rapidly and it generally reached its stable state within 5 days after the construction of primary linings.
The monitoring results show that the existence of the middle wall is able to effectively transfer the surrounding rock pressures on the primary linings near the middle wall, resulting in the decreasing of the contact pressures at that side. The contact pressures between surrounding rocks and primary linings are greater in the cross section with lower-level surrounding rocks. In addition, based on Protodyakonov's theory, a simplified method was proposed to estimate the surrounding rock pressures of the double-arched tunnel and the calculated values are in better agreement with the measured values. (3) Single rock bolt bears pure tensile stresses which are relatively larger in the middle of the rock bolt and lower at the two ends. At different positions in the same cross section, the axial forces in rock bolts at the tunnel vault are higher than that at the spandrel, which are even higher than that at the side wall of the tunnel. Through calculation, the tensile stress of a single bolt is far less than its ultimate tensile stress, which shows that the rock bolt does not play its role to the full potential and it is necessary to take appropriate measures to strengthen the anchoring forces. (4) The internal forces in steel arches increased greatly at the very beginning. As the excavation proceeded, the growth rate gradually slowed down and eventually the forces tended to stabilize after the construction of secondary linings. By analysis of the internal forces at different positions in steel arches, it is found that the steel arch vault is the most disadvantaged loading position. (5) The secondary linings not only serve as a structure for sufficient safety margin but also bear certain loadings in the construction and long-term operation periods of the Gangkou tunnel. The lower the rock mass classification, the larger the internal forces in secondary linings. The internal forces in secondary linings are larger in the cross section with lower class of rock masses.
